Natural aging of commercial triaxial low-g MEMS accelerometers, manufactured by surface micromachining, was evaluated in terms of changes of their offset voltages and scale factors, assigned to each sensitive axis. Two pieces of two models of triaxial accelerometers (ADXL 330 and ADXL 327 by Analog Devices Inc.) with analog outputs were tested within a period of ca. 4.5 years. Two different computer-controlled test rigs were used for performing relevant experimental studies, employing tilt angles as the reference source. Methodology of determining the proposed indicators of aging was based on cyclic repetition of the calibration procedure for each accelerometer. Changes of the output signals of the tested accelerometers were observed, resulting in respective indication errors of ca. 0.8% or even 2.2% while related to determining tilt. Since the accelerometers were operated under mild conditions while tested, much bigger errors are to be expected in the case of harsh conditions. Both pieces of ADXL 330 accelerometers ceased to operate properly within the testing period, approximately at the same time, for no apparent reason; thus, it is recommended to introduce redundancy in relevant reliable measuring circuits by doubling the number of the applied accelerometers.
Introduction
Since their introduction to the market as detectors in automotive airbag systems in the 1980s, Microelectromechanical System (MEMS) accelerometers have been employed in an ever-increasing number of mechatronic and electronic systems. Whereas some modern applications, e.g., in smartphones [1] and the like (tablets, photo cameras, and smartwatches [2] ), may not be so strategic, there are other devices, e.g., automotive safety systems like the said airbag or a new generation of motorcycle ABS [3] , or even diving instruments [4] , where MEMS accelerometers are directly responsible for the protection of human life-then, the related aging effects become as critical as the results of aging of, e.g., social infrastructures such as bridges and other essential infrastructure systems [5] ; health monitoring of such structures is a solution increasing safety of their users [6, 7] .
In the case of such strategic applications, the lifetime of many devices with an embedded MEMS accelerometer may be quite long (especially due to their high cost), and thus, the aging phenomena in the accelerometer are of crucial importance. Moreover, micromachined accelerometers are sometimes the only alternative due to a demand for miniature dimensions.
In order to obtain possibly high accuracy, the output signals generated by MEMS accelerometers are often calibrated in very sophisticated ways, as reported, e.g., in [8] [9] [10] . Then, at the same time, the aging phenomena are compensated for [11] . However, if calibration was not repeated within a longer period of time, it would be advantageous to take into account errors due to aging and compensate for them.
As a rule, MEMS sensors feature worse metrological parameters compare to their conventional counterparts. In view of the limited amount of the published data, MEMS devices must often be experimentally tested in order to verify their usefulness in certain applications, which also applies to the problem of aging.
As proven by our own research, natural aging of twoaxial MEMS accelerometers is quite an important issue, resulting in errors even up to 2.6% [12] , yet very little data are provided in the related publications. Some companies as STMicroelectronics take into account the effects of aging, designing sophisticated circuits controlling the accelerometers in such a way that some systematic errors related to aging phenomena are compensated for.
The aging phenomenon is also called "lifetime stability," "long-term reliability," or "drift over lifetime." Some manufacturers of MEMS accelerometers totally disregard it, whereas others guarantee that the data reported in respective data sheets are valid throughout the whole life of the accelerometer [13] .
A survey of relevant publications does not provide a satisfying answer to the question of significance of aging effects in MEMS devices. Some publications report large errors due to aging, exceeding 5%, e.g., [14] , while other authors claim that aging is insignificant, e.g., [15, 16] . Some researchers prove that aging trends in MEMS devices can be well predicted using exponential functions [17] , whereas others state that such functions do not fit the real trends [18] .
A conventional approach to studying aging effects is to perform accelerated tests, according to, e.g., ISO/IEC 60068-2, 60749-6 standard, or JESD22 series standards, where a MEMS device is subjected to vibration, high or low temperature, thermal and moisture cycling, etc. [19] . Accelerated testing may be realized as well by harsh electrical loading [20] or by subjecting the tested device to mechanical overloads. In the case of, e.g., PM sensors, accumulation of particles inside the measuring chamber may affect sensor aging, as well as meteorological conditions such as high humidity or extreme temperatures can affect the functioning of electronics of the device [21] .
Despite the fact that lower temperatures and lower humidity levels result in longer life of MEMS [22] , some authors question the reliability of accelerated testing in the case of MEMS, pointing only to humidity as the major factor accelerating the most of mechanical and electrical failures [23] . Such point of view can be proved by the results of a natural aging simulated by storing MEMS accelerometers at higher temperatures, when only small changes in their performance were reported in [24, 25] . As suggested in [26] , it is crucial to distinguish between short-term and long-term degradation mechanisms in order to avoid a wrong lifetime prediction.
So, it may be stated that at this stage, the most reliable method of evaluating the considered effects is natural aging. For example, results of five different inertial measuring units (IMUs) containing MEMS accelerometers, tested over a period of 18 months, are reported in [27] . The observed changes were insignificant. However, many factors were involved here, as not only the accelerometers had been subjected to aging but the IMUs as a whole (including the circuits processing the output signals of the accelerometers).
The aging phenomena can be related to particular elements of MEMS accelerometer, i.e., mechanical components (the elastic suspension of the seismic mass), electric components (capacitive or piezoelectric transducers converting deflection of the elastic suspension or displacement of the seismic mass, into an electric quantity), electronic circuit (integrated with the mechanical structure on the same chip or created in a separate chip), and external electronic components setting operational parameters of the accelerometer (constant-voltage regulator, capacitors, and resistors).
Each of the aforementioned elements could be studied separately with regard to the effects of its aging. However, results of such study would be very complex and difficult to interpret in terms of overall effects. Thus, results presented in this study are not related to particular elements of the tested MEMS accelerometers but concern the entire accelerometer together with the basic electronic circuit (external capacitors and resistors, constant-voltage regulator) as a whole. Even though such approach has a general character, it is more convenient from a practical point of view. It evaluates the performance of the accelerometer as a whole device, which is more interesting for a potential user of such sensor.
Materials and Methods
While testing low-g accelerometers, the gravitational acceleration is a reference source featuring a satisfactory range of variation, when the accelerometer is tilted. As it is one of the most stable and accurate external reference sources available, it is commonly used in experimental studies of MEMS accelerometers, as reported, e.g., in [8, 10, 28, 29] . Generation of acceleration by means of standard or custom equipment, like, e.g., a nanopositioning stage used in experimental studies described in [30] or specialized equipment used in [31] , is much more complicated and sometimes even less accurate.
The Tested Sensors.
In order to evaluate the considered effects of aging taking place in triaxial MEMS accelerometers, it was decided to calibrate them using tilt angles (and thus the gravitational acceleration indirectly) as the reference. The calibration procedure was repeated many times (108 altogether) over a long-term period of more than 4.5 years (November 2013 to July 2018). The procedure consisted in changing and recording tilt of the tested accelerometer and then sampling its output signals at this angular position, which was always changed by rotating the accelerometer around only one of two horizontal axes at a time. As the accelerometers were triaxial sensors, the rotation axis was either pitch or roll axis (with no pitch involved). Two kinds of triaxial MEMS accelerometers by Analog Devices Inc., manufactured by surface micromachining, were tested: two pieces of ADXL 330 [32] (purchased in 2006) and two pieces of ADXL 327 [33] (purchased in 2011). Both pieces of each type were probably from the same production batch. The accelerometers were mounted on their PCB in 2011, thus had never been used before. The accelerometers are presented in Figure 1 .
After the purchase (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) and within the whole time of testing (2013-2018), the tested accelerometers have been stored under laboratory conditions, with the ambient temperature in the range not exceeding 15-40°C (while calibrated, the range was 20-30°C; nevertheless, the accelerometer chips may have been subjected to higher temperatures due to internal ohmic losses; they were supplied with the voltage of 3 V by constant-voltage regulators operating at 5 V) and have never been subjected to mechanical overloads or shocks.
The Test
Rigs. The accelerometers were tilted by means of two different test rigs. The main element of the first one, presented in Figure 2 , was a manually driven optical dividing head, manufactured by Carl Zeiss Jena Company.
The output shaft of the dividing head, with the tested accelerometer mounted at one of two positions, is presented in Figure 3 . As can be seen, the accelerometer PCB is attached to a special aligning instrument. The whole test rig and the aligning instrument have been minutely described by the author in [34, 35] . The dividing head was driven manually and enabled applying roll over the full angle with accuracy of ±0.0008°. It is also possible to apply a pitch angle of the output shaft over a smaller range; however, the shaft remained always leveled. The tested accelerometer was coupled with a data acquisition module NI 6211 by National Instruments, which was controlled by a PC (see Figure 2 ). It captured its three analog output voltage signals. Since only the roll angle was applied, in order to calibrate all the three sensitive axes of the tested accelerometers, two calibration procedures had to be completed, one with the accelerometer mounted as in Figure 3 (a) and the other while mounted as in Figure 3 (b).
The main elements of the second test rig, presented in Figure 4 , were two rotary stages controlled by a PC. Each stage applied either pitch or roll, with accuracy of ±0.02°over the full angle. The mechanical structure of the test rig is quite typical and has been used in many similar research works, presented, e.g., in [36] . As in the case of the first test rig, the tested accelerometer was coupled with the same data acquisition module (NI 6211 by National Instruments). However, until November 2017, a PCI card was used for data acquisition (PCI 1716 by Advantech) instead of NI 6211. More detailed information about the test rig has been provided by the author in [37] .
The data acquisition modules employed in both test rigs (PCI 1716, NI 6211) featured accuracy of ca. 0.0015 V [35, 38] , with the error due to digital resolution included [39] . Application of two different test rigs resulted mainly from the fact that the calibration procedures were realized by students while attending three different laboratory classes (see Acknowledgments).
Just as it is in the case of the optical dividing head (the first test rig), the second test rig features a high kinematic precision owing to an accurate integration of the rotary stages into one mechanical structure, in order to avoid various positioning errors discussed, e.g., in [40] .
During the experiments, each accelerometer was used separately and measured the Cartesian components of the gravitational acceleration in x-, y-, and z-axes. The calibration procedure enabled determining the parameters of the analog output signals of the accelerometers. The signals can be represented by the following formulas [37] :
where U x , U y , and U z are the output voltage assigned to x-, y-, or z-axis (V); o x , o y , and o z are the offset of the output Figure 4 ) (deg).
In the case of studying aging effects related to the offset and the scale factor, the geometrical phase shifts are of no concern. Their value, typically of few tenths of arc degree, results mainly from a random character of mounting the accelerometer PCB in the aligning instrument and then fixing the instrument in the test station. Therefore, the phase shifts have not been analyzed later in the text.
2.3. The Methodology. The following methodology was employed while performing the experimental studies. First, the tested accelerometer was aligned with respect to the rotation axes of the test rig. A fast alignment procedure described by the author in [41] was applied, using the aligning instrument shown in Figure 3 and minutely described in [37] .
Then, the output voltages of the accelerometer were obtained as follows.
The output shaft of the optical dividing head ( Figure 3 ) was driven manually, or the computer activated a respective rotary stage ( Figure 4) ; the rotation axis was always horizontal during the tests. When a desired angular position had been set, series of the corresponding output voltages of the tested accelerometer were recorded. While recording the output signal assigned to the x-axis, the configuration shown in Figure 3 (a) was used or the rotary stage 1 was powered (pitch angle)- Figure 4 , whereas for obtaining the output signal assigned to the y-axis, the configuration shown in Figure 3 (b) was used or the rotary stage 2 was put in motion (roll angle)- Figure 4 . The output signal assigned to the z-axis was simultaneously recorded in both cases.
Each test consisted in rotating the accelerometers over the full range (360°) of pitch or roll, respectively. In most of the cases, the angular positions were changed with a step of 1°(sometimes, due to lack of time, with a step of 5°exceptio-nally-see Acknowledgments). At each angular position, when the rotation axis had already reached the desired angular position and was immobile, the accelerometer output voltages were sampled 30 times with the results recorded in the computer memory. So, each calibration consisted of 10,800 records (or 2,160 exceptionally).
In the case of applying the roll angle by means of the rotary stages, each calibration procedure was preceded by calibrating the accelerometers with respect to pitch, in order to precisely find the zero-pitch angle and only then apply pure roll.
In order to determine parameters o x::z and s x::z specified in Equations (1)-(4), i.e., the offsets and the scale factors assigned to each sensitive axis, the recorded data were processed by means of software for statistical analysis (Statgraphics), employing nonlinear regression models fully consistent with Equations (1)-(4). Some researchers, proposed another approach, e.g., in [29, 30, 42] , where only extreme indications of the accelerometer are used to 
Results
The graphs presented in Sections 3.1 and 3.2 were created on the basis of the same set of data. It was accepted that the subscripts of the offset o x::z and the scale factor s x::z are consistent with the particular sensitivity axes of the accelerometers. The presented data consist of 21 calibration procedures for ADXL 330, 37 for ADXL 327#1, and 50 for ADXL 327#2, which can be expressed in terms of ca. 54, 100, or 120 hrs of operation, respectively. Only one piece of ADXL 330 was tested, because it was not expected that these accelerometers will cease to operate for no apparent reason. It happened unexpectedly in 2016, and thus, the second piece had been calibrated only a few times in 2015.
Since average values of parameters related to particular sensitive axes differ considerably, the ordinate scale is different for each graph (Figures 5-10 ). Each pair of calibration procedures generated 2 sets of o z and s z parameters for z-axis (having almost the same value). So, it was decided to present on the graphs only one set, with values that differed more from their original counterparts.
3.1. Offset. Changes of the offset assigned to each sensitive axis of all the three accelerometers are illustrated in Figures 5-7 over the whole time of testing. It is interesting that only in the case of ADXL 330 the biggest changes occurred at the very beginning ( Figure 5 ). However, it applies only to the offset and not the scale factor (Figure 8 ). Except for this fact, all the courses have a rather similar character. Differences in the average level of the offsets result from individual properties of each accelerometer.
Generally, the courses corresponding to the offsets have a different character among sensitive axes of a particular accelerometer, as well as among the accelerometers. The existing variations between the sensitive axes and the accelerometers prove that the observed changes originated rather in the tested accelerometers, and not in the measurement circuit.
Maximal absolute and relative (with respect to the value determined most early) changes of the offset observed over the whole time of the experiments are presented in Table 1. 3.2. Scale Factor. The scale factor is usually expressed in volts per g (V/g), e.g., in [27, 29] . Yet, due to introducing Equation (5), which corresponds to the employed calibration procedure employing tilt angles as the reference, it is assumed that this parameter is expressed in volts in Equations (1)- (6), just like the offset.
In general, the courses corresponding to the scale factors have a similar character for sensitive axes of a particular accelerometer, but they differ among the accelerometers. The existing variations between the accelerometers prove Maximal absolute and relative (with respect to the value determined most early) changes of the scale factor observed over the whole time of the experiments are presented in Table 2 .
In the case of the offset, the absolute changes are of 0.0020-0.0063 V, whereas the absolute changes related to the scale factor vary over a smaller range of 0.0004-0.0009 V. However, since the offset is of a larger magnitude than the scale factor, the relative changes are 0.13%-0.42% and 0.11%-0.23%, respectively.
While determining the considered parameters for each calibration procedure, the value of the respective adjusted R-squared coefficient (determination coefficient) was at least of 99.96%, which confirms that the obtained data are of high reliability.
Errors of Determining the Acceleration.
In order to determine acceleration a in units of m/s 2 while measured by means of an analog MEMS accelerometer calibrated as aforementioned, the following formula must be applied:
where g is the gravitational acceleration (ca. 9.78-9.83 (m/s 
While determining tilt angles only, like in the case of the employed calibration procedures, m x::z ∈ h−1, 1i, whereas in the case of using the whole measurement range of the tested accelerometers, i.e., (±3 g) or (±2 g), m x::z ∈ h−3, 3i or m x::z ∈ h−2, 2i, respectively. 
As far as evaluation of the accelerometer performance over time is concerned, the most interesting case is when Equation (7) takes on the maximal value. Let us disregard at this point the influence of variations of the output voltage expressed by Equation (10), as not related directly to aging phenomena. So, comparing the sensitivity coefficients c o and c s (see Equations (8) and (9)), we see that in order to find relation between them, the value of the following variable v must be analyzed: Effects of the maximal changes of the offset and the scale factor on the relative acceleration m x::z are shown in Table 3 . While calculating maximal absolute acceleration errors Δm x::z and relative acceleration errors δm x::z , the worst case was assumed, which corresponded to the full measurement range of a particular accelerometer. So, in the case of ADXL 330 with the measurement range (±3 g), it was the case when the maximal value of U x::z was measured, and then v = 3s x::z , whereas in the case of ADXL 327 with the measurement range (±2 g), v = 2s x::z . Therefore, the analyzed influence of changes of the scale factor was three or two times stronger than that of the offset. Having accepted the aforementioned assumptions, Equation (7) can be rearranged as 
Values of particular relative maximal errors δm x::z , corresponding to full scales of the tested accelerometers, have been determined in the case of ADXL 330 according to (13) for each calibration procedure. 
In the case of ADXL 327, the relative maximal errors δm x::z were computed as follows:
Values of the errors are illustrated in Figures 11-13 , whereas their biggest values are tabulated in Table 3 .
Since low-g MEMS accelerometers are often used for tilt measurements, it was decided to additionally determine relative maximal error δg x::z related to measurements of components of the gravitational acceleration, employing the following formula:
The biggest values of absolute errors Δm x::z , their corresponding relative errors δm x::z presented in Figures 11-13 , and values of the relative errors δg x::z are listed in Table 3 for each accelerometer and each sensitive axis. As it was the case with the changes of the scale factor (Table 2) , the errors are similar for all the three sensors; however, perceptible differences exist between sensitive axes of a particular accelerometer.
Discussion
Since the studied aging effects involved changes related to many different components, it is hard to explain the character of courses presented in Figures 5-10 . However, individual character of some courses (especially those presented in Figures 5-7 ) and values related to particular sensitivity axes suggest that most of the aging effects took place in the accelerometers themselves.
Changes of the offset are affecting the maximal error a few times more than the changes of the scale factor, especially in the case of tilt measurements, when |a x::z | ≤ 1 g, and the sensitivity coefficient associated with the offset is bigger than its counterpart associated with the scale factor.
Even though values of errors Δm x::z and δm x::z listed in Table 3 are of the same magnitude for all the tested accelerometers, only one piece of them (ADXL 327#1) revealed some systematic tendencies in changes of the analyzed parameters that can be attributed to aging: the offset ( Figure 6 ) as well as the scale factor ( Figure 9 ) finally took on values perceptibly different than the original ones; thus, the maximal error ( Figure 12 ) features a tendency to increase its value over time, being insignificant at the beginning of the study. In the case of the other two accelerometers, no increase of the maximal error over time can be observed--sometimes even the opposite.
As aforementioned, within the time of testing, the data acquisition module was replaced for another one in the case of the second test rig. So, 3 pieces of the module were employed altogether. However, no significant difference in the obtained results was observed, which results also from the fact that all the three modules featured similar accuracy according to the relevant data sheets [35, 38] . Besides, this fact proves that aging effects associated with the modules were rather insignificant, even though the data sheet states that it is guaranteed that the specified absolute accuracy is valid for up to one year from the device external calibration [38] . Considerable difference in precision of applying tilt angles by means of both test rigs (±0.0008°and ±0.02°) was not significant either.
The range of the ambient temperature of 15-40°C, under which the accelerometers were stored, was quite narrow, which may not be the case in many applications, where the main device operates or is stored under more severe conditions. Particularly higher temperatures may be critical, as they speed up the process of aging of MEMS devices [24, 25] .
Moreover, there are few other factors that most probably will considerably intensify the aging effects. These are mechanical overloads (including high-g shocks) of the accelerometer both while operated as well as stored (the tested Journal of Sensors accelerometers were not overloaded within their whole life), material fatigue of mechanical members of the accelerometer, and longer operation time (the tested accelerometers were operated for no more than 200 hrs). So, it is rather certain that the values of errors related to aging phenomena will be in most of the cases bigger than the reported ones.
Since the absolute accuracy of the data acquisition modules (ca. 0.0015 V) equal the triple value of the observed changes of the scale factor (ca. 0.0005 V), it may be the reason why the graphs in Figures 8-10 are smoother than their counterparts related to the offset (Figures 5-7) . However, on the other hand, it must be taken into account that the scale factors, as well as the offsets, were not measured directly but were computed on the basis of appropriate regression models, using huge amounts of data.
Values of the maximal errors related to the sensitive axes of the tested accelerometers (ca. 0.4-0.8%) are smaller than values reported in relevant publications, e.g., 5% in [14] or 2.6% in the case of biaxial MEMS accelerometers [12] .
Conclusions
The presented study did not investigate particular aging mechanisms but rather enabled an overall evaluation of the aging effects, providing practical information, useful both for the scientific community and engineers employing MEMS accelerometers as measuring instruments rather than detectors.
A considerable decrease of accuracy of triaxial MEMS accelerometers due to natural aging phenomena was determined in terms of changes of the offset and the scale factor associated with each sensitive axis of the accelerometers.
The largest evaluated maximal errors due to aging of the tested accelerometers, the electronic components on the accelerometer PCBs (especially the constant-voltage regulators) are of ca. 0.8%. Therefore, the errors must not be overlooked not only in the case of applications of MEMS accelerometers where a high precision is required (e.g., laboratory measurements) but also if accuracy of ca. 1% is expected to last for a time longer than a few years. This refers specially to control systems directly responsible for human life and safety, like new generation of sophisticated automotive air-bags, motorcycle ABS, or diving computers.
If a MEMS accelerometer is to be applied in systems featuring durability longer than 5 years, either the accelerometer must be recalibrated or a loss in accuracy of its indications must be taken into account.
The observed changes are not of a linear, exponential, or even any systematic character (differences between particular sensitive axes occurred), which makes it rather impossible to create adequate models of aging in order to compensate for the relevant errors. Since the observed changes due to aging related to the offset and the scale factor are of considerable values (and would be definitely bigger under harsher conditions of storing and operation), it is advantageous to repeatedly calibrate the accelerometers. Then, the related errors can be compensated for [11] , to some extent of course. Many different calibration procedures have been successfully used so far, some typical, as, e.g., in [43] , some quite sophisticated, as, e.g., in [8-10, 44, 45] . Another interesting approach to overcoming the aging effects may be the application of additional sensors, e.g., visual camera, which may be also useful for identification of other failures of a device [46] .
Concluding, the following should be stated:
(i) Output signals of only one accelerometer reveal some perceptible aging tendencies, however rather of no monotonic character
(ii) A time period of 4.5 years seems not to be long enough to observe aging effects in the tested triaxial MEMS accelerometers-contrary to what has been observed by the authors in the case of similar biaxial MEMS accelerometers [12] (by the same manufacturer)
(iii) Both pieces of the tested ADXL 330 stopped operating properly after ca. 4.5 years of being used, almost at the same time and for no apparent reason (iv) The presented research does not address such issues as follows: testing a larger part of a production batch of accelerometers (only 4 pcs were tested); testing and storing the accelerometers under harsh conditions with respect to temperature range, humidity, and mechanical shocks; and operating the accelerometers for a time longer than ca. 120 hrs altogether; under such conditions, the errors due to aging effects will be definitely much bigger
Having encountered the unexpected critical fault of both ADXL 330 accelerometers, a conclusion was reached: since MEMS accelerometers are usually low-cost sensors, in the case of highly reliable systems, it would be advantageous to double the accelerometers or at least frequently activate the self-test function [32, 33] in order to detect any failure.
It is foreseen to continue the study of aging effects in the case of both ADXL 327 accelerometers, which are regularly used by students during laboratory classes, until more significant differences in their operational parameters are recorded.
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